Currently, the effect of the volume of cement used during sacroplasty on the restoration of pelvic strength and stiffness is unknown. The purpose of this study was to measure that effect in a sacral insufficiency fracture model.
S
acroplasty is being used to stabilize sacral insufficiency fractures. [1] [2] [3] No randomized controlled trials have compared the outcomes after sacroplasty with those after nonoperative treatment. The mechanism by which sacroplasty may give pain relief is unknown. One hypothesis is that the injected cement reduces movement at the fracture site and, thus, pain, by augmenting the strength and stiffness of the sacrum [3] [4] [5] and that increasing the amount of cement will increase fracture stability.
Finite-element analysis suggests that sacroplasty reduces motion at the fracture site. 4 A cadaveric model of sacral insufficiency fractures has been developed to facilitate biomechanical testing of the effects of sacroplasty. 6 The optimal amount of cement injected during sacroplasty is unknown, but it is thought to be a balance between achieving mechanical stability and avoiding cement extravasation. The purpose of our study was to measure the effect of cement volume on the restoration of strength and stiffness to the pelvis via sacroplasty.
Materials and Methods
Twenty-five cadaveric pelves with attached lumbar spines were obtained from the Maryland State Anatomy Board. Each specimen was confirmed to be osteoporotic by dual-energy x-ray absorptiometry (DEXA) (Lunar DPX-NT; Hologic, Bedford, Mass) of L1-L4. Osteoporosis was defined as a total t-score of Ϫ2.5 or less, in accordance with the World Health Organization. 7 Specimens were examined with CT (Aquilion CT 16; Toshiba, New York, NY) at 1-mm intervals to rule out pre-existing fracture, instrumentation, and pathologic lesions.
The specimens were kept frozen at Ϫ20°C in double bags until the time of use. Each specimen was defrosted at room temperature for 12 hours before preparation for testing. The spine of each specimen was transected through the L1-L2 disk, leaving L2-L5 attached to the pelvis. The specimens were denuded of soft tissue, except for the ligaments and disks of the L2-L5 vertebrae and the sacrospinous and sacrotuberous ligaments of the pelvis. The pelvis was oriented in the standing position by aligning the anterior iliac crest with the symphysis in the vertical plane. A plumb line was used to check vertical alignment. The lumbar vertebrae L2-L4 were potted in a 4-inch-diameter polyvinyl chloride pipe with a polymethylmethacrylate (PMMA) cement (Fastray; Bosworth, Skokie, Ill). The specimen then was mounted on a servohydraulic testing machine (8500; MTS, Eden Prairie, Minn). Impressions of the ischial tuberosities were made by using the PMMA in aluminum trays to distribute the reaction force through the tuberosities. Simulated sacral insufficiency fractures were then produced as described by Waites et al. 6 Specimens were loaded axially through the spine at 1 mm/s, until a fracture was observed in the sacrum or a sudden decrease in reaction load was noted from the load-versusdeformation trace. The test was stopped immediately on recognition of a fracture, and the fracture load was recorded. A digital video recording (ZR800; Canon USA, Jamesbury, NJ) of the anterior aspect of each specimen was made during loading to aid in identifying the onset and location of the fracture. An axial load was applied to each specimen during CT scanning to confirm that a fracture had been produced. 6 The fracture position, fracture pattern, existence of air within the bone, and location of cortical disruption were recorded. After verification of the presence of fractures via CT scans, the specimens were randomly assigned to 4 groups (Fig 1) : group 0 ϩ 0 (n ϭ 6, control), no cement, no sacroplasty; group 3 ϩ 0 (n ϭ 6), sacroplasty via a posterior approach, 3 mL of a PMMA bone cement (SpinePlex; Stryker, Kalamazoo, Mich) injected bilaterally into the fracture site at S1; group 3 ϩ 3 (n ϭ 7), sacroplasty via a posterior approach, 3 mL of the same bone cement injected bilaterally into the fracture site at S1 and S2; and group 6 ϩ 3 (n ϭ 6), sacroplasty via a posterior approach, 6 mL of the same bone cement injected bilaterally into the fracture site at S1 and 3 mL injected bilaterally at S2.
All sacroplasty procedures were performed in an identical manner. The specimen was placed prone, and the fluoroscopy beam was oriented parallel with the sacroiliac joint of the side to be treated. An 11-gauge bone-biopsy needle with a trocar was introduced into the fracture site in the ala of S1 or S2. The trocar was inserted through the posterior cortex of the sacrum at the level appropriate for the injection. Needle position was confirmed with inlet-and outlet-view fluoroscopy. A 3.5-mm screw was placed into the S1 neural foramina during needle positioning to assist in visualizing the foramina. The cement was mixed according to the manufacturer's instructions and injected into each side under fluoroscopic monitoring. Cement was injected slowly in an attempt to minimize extravasation. Once the cement set, the procedure was repeated on the contralateral side. Bilateral injections were conducted even if the specimen exhibited only a unilateral fracture. In this manner, the sacroplasty procedure was standardized to reduce experimental variables. Each specimen was again scanned via CT to document cement placement and any extravasation.
All specimens were then tested to failure on the MTS machine with the same loading paradigm as outlined previously and again scanned with CT to establish the mode of failure. CT images were reviewed by 2 orthopedic surgeons (A.M.R., S.C.M.), and the fracture position and pattern were recorded.
The effect of treatment on failure load and stiffness was checked with an analysis of variance with repeated measures. Restoration strength and stiffness were defined as the ratio of treated value divided by the initial value. We checked intergroup differences for significance (P Ͻ .05) by using a Tukey test and for a correlation between the t-score and failure load by using linear regression.
Results
The initial crush resulted in 13 bilateral and 12 unilateral vertical sacral fractures, all in Denis Zone 1. 8 Three specimens also had horizontal fracture lines, 2 at S1 and 1 at S2. There were no significant differences among groups in terms of age, sex distribution, bone mineral attenuation, t-score, or fracture pattern (Table 1) .
Failure load and stiffness values for treated specimens were significantly lower than those in the intact state ( Table 2 ). There was no correlation between bone mineral attenuation and failure load (R 2 ϭ 0.07). The strength restoration ratios and stiffness restoration ratios were not significantly different among treatment groups ( Table 2) .
Among the 25 specimens, there were 26 injections of 3 mL of PMMA into the S1 ala, 12 injections of 6 mL into the S1 ala, and 26 injections of 3 mL into the S2 ala. Cement extravasation was seen in 15 of the twenty-six 3-mL S1 injections, 8 of the twelve 6-mL S1 injections, and 12 of the twenty-six 3-mL S2 injections. The location of the extravasations varied, and leakage from many of the injection sites occurred in multiple directions.
The failure mechanism of the sacroplasty was examined. All failures occurred at the bone-cement interface, and no failure was through the cement.
Discussion
We did not find a dose-response association between injected cement volume and restoration of strength and stiffness. The 3 treatment groups did not differ significantly from the control group. We had originally hypothesized that sacroplasty would result in stabilization (ie, restoration of strength and stiffness) so as to prevent painful micromotion, but we were unable to show that sacroplasty altered the biomechanics of the fractured sacrum. Recently, finite-element modeling has suggested that sacroplasty results in a reduction in fracture-site micromotion but does not affect overall stiffness. 4 In our current study, we measured overall stiffness and could not discern any localized stiffening. Future studies are planned to obtain kinematic data on the anterior aspect of the pelvis in the area of the sacral ala to measure more precisely fracture-site motion.
Whatever stabilization may occur through sacroplasty, it seems not to be strongly related to the amount of cement injected. This result suggests that one might achieve appropriate stabilization with modest amounts (Յ3 mL) of cement and thereby reduce the risk of extravasation. Pommersheim et al 3 noted that sacral insufficiency fractures with gaping fracture lines may represent a contraindication to sacroplasty because of the high risk of extrusion into the soft tissues and surrounding structures. In our current study, the injection of 6 and 3 mL of cement led to an amount of extravasation that would not be acceptable clinically. Because our pelves were denuded of soft tissue, extravasation may have been more common than would be expected with the soft tissues intact.
Case series in the literature report good symptomatic relief after sacroplasty. [1] [2] [3] The results of our current study, however, raise questions regarding the proposed mechanism by which sacroplasty reduces pain (eg, by reducing micromotion, increasing stiffness, and reducing strain). Sacroplasty may reduce pain by another mechanism, or it may be that our method of testing was not sensitive enough to differentiate between the control and sacroplasty groups. We used a simple load-to-failure test mimicking a fall onto the buttocks. Lumbar spine loads during upright standing are approximately 800 N 9 but are reportedly Ͻ2.5 times body weight during walking. 10 The postsacroplasty failure loads measured in the current study were approximately 2.5 times body weight and are on the order of what might be experienced during activities of daily living. We did measure the stiffness of the constructs to assess how sacroplasty affects the behavior of the sacrum at a submaximal load in the physiologic range, and again, we found no difference. This reduction of micromotion has been cited as a mechanism of action in finite-element analysis of sacroplasty. 4, 5 To assess whether this mechanism is the case in our cadaveric model, one needs to measure strain across the fracture site while the construct is being cyclically stressed at physiologic loads equal to those experienced during rehabilitation.
Conclusions
In conclusion, neither the amount nor the location of the cement seems to affect the restoration of strength to the sacrum in a model sacral insufficiency fracture. Future studies are needed to test whether sacroplasty may reduce micromotion at the fracture site, leading to pain relief.
